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. Oligonucleotides, plasmids, and bacterial strains S18 temperature (T m ) calculated using OligoCalc [1] . Plasmids were assembled either using the Gibson method [2] or restriction digest and ligation. All constructs were verified by sequencing (Quintara Biosciences; Berkeley, CA).
Plasmids for mamP and mamT complementation studies. Plasmids for mamP and mamT complementation with AMB-1 were derived from the pAK22-derived plasmid pAK262 [3] .
pAK262Ap-MamP.
To avoid known problems with magnetite formation related to the kanamycin resistance cassette (Km R ) [3] , the Km R marker was first replaced with the ampicillin marker (Ap R ) to generate the mamP complementation plasmid pAK262Ap-MamP.
The plasmid backbone containing mamP and Ap R cassette were amplified respectively from pAK262 (pAK MamP F1/R1 primers) and pCWori (pAK MamP F2/R2 primers) for Gibson assembly.
pAK262Ap-MamP ∆heme1 , pAK262Ap-MamP ∆heme2 , pAK262Ap-MamP ∆heme . The mamP ∆heme1 and mamP ∆heme2 complementation plasmids were then constructed from pAK262Ap-MamP by
QuikChange site-directed mutagenesis of the CXXCH motif to AXXAA. The residues C224, C227, and H228 were mutated to alanine to generate pAK262Ap-MamP ∆hemel by amplification of pAK262Ap-MamP with the MamP QC F2/R2 primers. The residues C268, C272, and H273
were mutated to alanine to generate pAK262Ap-MamP ∆heme2 using the MamP QC F1/R1 S4 primers. The mamP ∆heme complementation plasmid, pAK262Ap-MamP ∆heme , was then generated from pAK262Ap-MamP ∆heme2 by amplification with the MamP QC F2/R2 primers.
pAK262Ap-MamT ∆heme1 , pAK262Ap-MamT ∆heme2 , pAK262Ap-MamT ∆heme . pAK262Ap-MamT was constructed by Gibson assembly of mamT (residues 1-176) amplified from AMB-1 genomic DNA (MamT SF1/MamT SR1 primers) and the pAK262Ap backbone amplified from pAK262Ap-MamP plasmid (pAK MamT F1/R1 primers) to remove mamP.
The mamT ∆heme1 and mamT ∆heme2 complementation plasmids were then constructed from pAK262Ap-MamT by QuikChange site-directed mutagenesis of the CXXCH to AXXAA as described above for MamP. Plasmid pAK262Ap-MamT ∆hemel was constructed by mutagenesis of residues C103, C106, and H107 to alanine using the MamT QC F1/R1 primers. Plasmid pAK262Ap-MamT was constructed by mutagenesis of residues C154, C157, and H158 to alanine using the MamT QC F2/R2 primers. Finally, plasmid pAK262Ap-MamT ∆heme was generated by amplifying pAK262Ap-MamT ∆heme2 with the MamT QC F1/R1 primers. were introduced into AMB-1 by conjugative transfer from an E. coli WM3064 donor strain using literature methods as described [7] . The plasmid to be transferred was first transformed into E.
coli WM3064 by electroporation and plated for growth overnight at 37ºC on LB agar supplemented with the appropriate antibiotic (Km, 100 µg/mL; Cb, 100 µg/mL) and DAP (300 µM). Individual colonies were inoculated into LB (5 mL) containing antibiotic and 2,6-diaminopimelic acid (DAP) and grown overnight at 37ºC with rotary shaking (200 rpm). E. coli cell cultures (500 µL) were then pelleted by brief centrifugation (14,000 × g) for 1 min at room temperature. The pellets were washed twice with LB DAP (0.5 mL) before resuspending in LB DAP (200 µL). The AMB-1 recipient strain was prepared by inoculation of cells from a freezer stock into a sealed-cap conical tube (50 mL) containing Magnetic Growth media (MG media, 50 mL). All MG media described in this document is prepared according to literature methods and supplemented with iron malate solution (100× stock made from 3 mM FeCl 3 and 9 mM DLmalic acid) and Wolfe's vitamin solution [3] . After 2 d growth at 30ºC without agitation, the entire culture volume was pelleted by centrifugation (14,000 × g) for 15 min at 4ºC and resuspended in MG (600 µL). One-third of the resuspended AMB-1 pellet was added to the resuspended E. coli pellet (200 µL), the cells were mixed gently, pelleted by brief centrifugation repeating regions of the mamQRB locus, which is known to cause recombination and subsequent loss from the magnetosome island. Since the deletion of mamT alone appeared unstable to complementation, the ∆mamT∆R9 strain (AK155) was used for further experiments in this study.
The ∆mamT∆R9 strain was generated by introduction of the non-replicating pAK334 gene disruption plasmid [3] via conjugative transfer from E. coli WM3064 in the ∆R9 genetic background, (AK57 [3] ) in which the downstream mamQRB has been removed from the MAI without causing a detectable phenotype in wild-type AMB-1. After initial selection of parental strains on kanamycin, primary cultures containing kanamycin and secondary cultures without antibiotic were prepared. For counterselection using the sacB gene, aliquots of the secondary cultures (100 µL and 1 mL) were plated on MG supplemented with sucrose (1% w/v) without antibiotic by spreading with glass beads on MG plates. After incubation for 4-6 d at 30ºC, individual colonies were inoculated into new primary cultures and screened for deletion of gene of interest without loss of the MAI using colony PCR [3] .
Characterization of cellular magnetization (C mag ). Secondary AMB-1 cultures were grown in MG (10 mL) containing 20 mM HEPES pH 7.2 without agitation at 30°C in seal-capped anaerobic culture tubes (20 mL) with Ar-evacuated headspace to OD 400 nm = 0.2 (~2 d). The culture C mag was determined as previously described [8] . Briefly, OD 400 nm was measured on an Agilent 8000 UV-Visible spectrophotometer with a magnet parallel or perpendicular to the spectrometer beam and the ratio (C mag = A 400 nm, perpendicular /A 400 nm, parallel ) was calculated. The C mag measurements were performed in biological triplicates with two technical replicates per colony using cultures from three independent growths or conjugations. and Cm (35 µg/mL) in a 2.8 L Fernbach baffled shake flask was inoculated with 10 mL of an overnight 50 mL LB culture of freshly transformed E. coli C43(DE3) containing the appropriate overexpression plasmid and the cytochrome c maturation plasmid, pEC86 [9] . The cultures were grown at 30°C and 200 rpm to OD 600 = 0.8 to 0.9, at which point cultures were induced to express protein with IPTG (10-50 µM) and shaken overnight at 30°C and 200 rpm. Cell pellets were harvested by centrifugation at 5,524 × g for 7 min at 4ºC and immediately lysed for protein purification.
Purification of MamP. Harvested cell pellets were thoroughly resuspended (5 mL/g wet cell paste) by gentle pipetting in Periplasmic Lysis Buffer (20% w/v sucrose, 1 mM EDTA, 50 mM potassium phosphate, pH 8.0) supplemented with a Complete EDTA-free protease inhibitor cocktail (1 tablet/50 mL buffer, Roche) and PMSF (0.5 mM). A combined lysozyme/osmotic S10 shock strategy was employed to prepare the periplasmic fraction by addition of lysozyme (0.5 mg/mL) and incubation at room temperature for 15 min, followed by the addition ice-cold water (1 vol) and mild shaking (100 rpm) for 15 min in tubes resting horizontally on ice. The soluble periplasmic fraction was separated from the remaining cellular debris by centrifugation at 10,414
× g for 15 min at 4°C. All subsequent steps were carried out at 4°C. 
Isolation of the His
Preparation of MamP for nanoelectrospray ionization mass spectroscopy (Nano-ESI-MS).
Purified MamP (10-15 µM; 15 µL) was exchanged into 50 mM ammonium bicarbonate, pH ASTRA software was used to analyze and average the data using a Raleigh spheres model to obtain the hydrodynamic radius and particle diameter. detectors and data quality control, monomeric bovine serum albumin (BSA; Sigma) was used.
The measurements were carried out at 25°C.
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Structural comparison between MamP from AMB-1 and homolog from MO-1. Phyre2 [11] was used to predict the structure of MamP based on the structure of the MO-1 homolog [12] .
UCSF Chimera was used to visualize the protein structural comparison [13] . Protein BLAST was used to compare the full length structure of both proteins (MamP AMB-1, 275 residues; MamP MO-1, 260 residues) [12] and determine the percent homology of the proteins.
Spectrochemical titration of MamP. Spectrochemical titrations were carried out on MamP in a 1.6 mL cell consisting of a 1 cm semi-micro quartz magnetic stir cell with an anaerobic seal and cap (Starna Cells, Inc; Atascadero, CA) and stir bar using literature methods [14] . ProtParam [16] and used to estimate the concentration. Because Mms7ct was unable to be visualized by Coomassie staining due to its composition and small size, analytical HPLC and mass spectrometry were used to confirm the identity and purity of the protein. or reaction buffer (25 µL) was immediately introduced via Ar-purged glass syringe to a final concentration of 2.5 µM to initiate the reaction (t = 0 min) and agitated gently to mix. Over the course mineralization reaction, the vials were agitated gently at 10 min intervals and ambient air (20 µL) was introduced via a glass syringe at t = 10 min and 20 min to turn over MamP.
MALDI-MS of
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Mineralization reactions at different pH values (6.0, 7.5, 9.0) were performed as described above with the following modification: MamP for all three reactions was buffer exchanged into pH 7.5 reaction buffer and subsequently distributed into HEPES reaction buffer at pH 6.0, 7.5, or 9.0.
The conditions were modified slightly for Mms7ct reactions. The final Fe(II) concentration was reduced from 40 mM to 20 mM and the final MamP concentration from 2.5 µM to 1.2 µM . The pH of the reaction buffer was also changed to pH 7.5. The Mms7ct protein was resuspended in reaction buffer (pH 7.5, 100-200 µL) and added to a final concentration of 45 µM to the empty reaction vial prior to sealing with a septum and degassing with Ar using a needle for 30 min.
Buffer and Fe(II) was added as described previously before the vial was removed from the Ar tank. Finally, MamP was added to initiate the reaction and ambient air (20 µL) was introduced at t = 5 min and 10 min. The septa were removed at 20 min and replaced with screw tops, which were closed loosely to allow air to circulate freely for the remaining time of the reaction.
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Supplementary Results nanoparticles and their corresponding crystal lattice compared to wild type. Small, flaky crystals as well as large, cubo-octahedral crystals of wild type size and shape are observed in ∆mamP. Small, elongated crystals are observed in ∆mamT∆R9. These are compared with wild type crystals which are large (30-60 nm) and usually cubo-octahedral in shape. All lattice fringes that could be resolved were determined to be magnetite. Figure S4 . Monitoring the localization of key magnetosome proteins in M. magneticum AMB-1 deletion strains using fluorescence microscopy of GFP fusions. Plasmids expressing MmsF-GFP, MamI-GFP, MamF-GFP, and MamC-GFP were introduced into AMB-1 ∆mamP and ∆mamT∆R9 strains by conjugation. Secondary cultures were imaged by fluorescence microscopy to visualize the GFP fusion proteins. The midcell localization of these proteins as a filament is consistent with localization to the magnetosome [3] . LGLG repeat region (red) and acidic C-termini (blue), which are hypothesized to be involved in self-assembly or aggregation and mineral binding/templating, respectively.
